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1. | NTRODUCTI ON

landslides are a main source of sediments that affect water quality and
fish and wildlife habitats. In the Cascade Muntains of Washington,
| andsl i des occur frequently after rapid snowmelt. Particularly serious are
| andsl i des during rain-on-snow events in the transient snow zone (Berris and
Harr, 1987). For the purpose of |andslide hazard zonation, the first task is
co map the transient snow zone. This report describes the work acconplished
during the first six months of this project for mapping the transient snow

zone.

2. OBJECTI VE AND SCOPE
The objective of this study is to conduct a pilot study of mapping the
transi ent snow zone using a combi nation of satellite inmages, snow survey data,
and a snowmelt nodel. The work done includes identification of snowines
using satellite inmages, evaluation of the relation between observed snowline

and neasured snow depth, evaluation of snowmelt npdels, and preparation of a

map of transient snow zones for one rain-on-snow event. A fornmul ation of
| andsl i de hazard evaluation is also given to illustrate the relation between
rain on snow and |andslide hazards. The two study sites, Snoquaimie and

Concrete, are shown in Fig. 1 as shaded areas. The approach used to identify
rhe rransient snow zone is described as follows. First, the area] extent of
snow cover is determined from satellite data. Next, information from snow
surveys (Brunengo, 1969) are correlated with the areal snow cover to show the

distribution of snow thickness. Such a map describes the state of snow cover

on & specific date, Next, for a specified rainstorm falling on a given snow
cover, the amount of snowmelt is estimated with a snowmelt nodel. The fina
result is a defined region within which all of the snow melts. This region is
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identified as the transient snow zone for this event, based on the sinplified
definition that the transient snow zone is where the snowpack forns and decays
within a given tine period. A nore consistent definition based on probability

is formul ated.

3. LI TERATURE  REVI EW

The el ectronagnetic properties of snow vary as a function of snow
structure and liquid water content. Water equivalent is the principal snow
variable in the gamma wavelengths, whereas al bedo is npbst inportant at visible
and near infrared wavel engths. Em ssivity is nost nmeaningful in the thernal
infrared, and the dielectric constant is most significant at mcrowave
wavel engt hs (Foster et al. 1987) . The spectral reflectivity of snow is
dependent on snow characteristics such as grain size and shape, inpurity
content, near surface liquid water content, depth and surface roughness, and
solar elevation (NASA 1982, see Table 1).

The areal extent of snow and the nean altitude of the snowline have been
delineated from Landsatr Miltispectral Scanner Subsystem (MSS) data products
(Meier 1975; Barnes and Bowley 1974). The Landsat MSS inmagery is available
for & 165 x 185 km square area in four spectral regions (two visible bands of
0.5-0.6 pm and 0.6-0.7 um , and two near-infrared bands of
0.7-0.8 ym and 0.8-1.1 um), Landsat Thematic Mapper (TM data provide even
better spatial (30 m vs 60 m) and radionmetric resolution (8-bit vs. 6-bit or
64 s, 256 gray levels) when conpared tp the M3S data. Al so, there are
additional wavelength bands in the niddle infrared for the TM sensor chart
zllow betrer discrimnation between clouds and snow and to exyamine relative
levels of melcing in the snowpack.

Snow his a very hign albedo and strongly reflects in the visible and



near-infrared spectral bands. Thus, the areal extent of snow can be easily
mapped at these wavel engths. In MSS band 4 (0.5-0.6 pm) , wet or refrozen
snow wi ||l cause a decreased reflectance when conpared te dry, powder snow. TM
band 5 (1.55-1.75 um) has proven useful in cloud/snow discrimnation, as the
snow appears darker than clouds in the niddle infrared regions. Landsat data
have been used in a nunber of snownelt-runoff studies. principally te nap the
areal extent of snow for use in predicting snowrelt-derived streamflow
(Anderson et al. 1974; Rango 1981; Thonpson 1975; Rango and Itten 1976; Rango
and Salomonson 1976; Shafer et al. 1981; Dey et al. 1983, Martinec and Rango
1981; Rango and Martinec 1979; Martinec 1975, 1982). A quantitative neasure
of the water equivalent of the snowpack has not been obtained from Landsat
dat a. Merry and M Iler (1987) provided a conprehensive literature review for
renote sensi ng of snow cover.

Barnes and Bowl ey (1974) describe a set of techniques for satellite snow

mappi ng. They also discuss problenms with using satellite data to nmap snow
cover. One problem is cloud obscuration for the visible and infrared
syst ens. Passive and active microwave sensor systens may be a neans to
overcome this. Interpreting the satellite data is another problem and
i ncl udes distinguishing between snow and clouds, identifying snow in densely

forested areas and in areas within mountain shadows, distinguishing between
snow and highly reflective rock types, and nmapping irregular, pat chy or
di sconti nuous snow i nes (Barnes and Bowl ey 1974).

Deriving snow water equivalent information from remote sensing data is
still in rthe research phase. Prom sing wavelength regions include the
microwave region. The microwave region provides an all-weather observing
cepebilivy because rmicrowaves will penetrate clouds and mest precipitation

types. Empirical relationships between passive picrowave and snow water



equi val ent can be derived for specific areas, such as large, flat and low-
lying vegetation, and can likely be used to estimate water equivalent or snow
dept h.

Recent |y, geographic information system (A S) techniques have been used
to integrate information on snow cover derived fromrenote sensing wi th other
data files. For exanple. Ferris and Congalton (1989) created a GS for the
Colorado River watershed to estimte snowpack water volume using elevation
data and NOAA Advanced Very High Resolution Radioneter (AVHRR) satellite

i magery.

4. METHODS AND RESULTS

4.1 Satellite Data

A query was nmade of the National Oceanic and Atnospheric Adm nistration
(NOAA) and the Earth Resources Observation System (EROS) Data Center archives
to determine the availability of satellite imagery from 1975 to the present
time over the Cascade Mountains. Conmputerized listings of NOAA, AVHRR,
Landsat MSS and TM and the French Satellite Pour 1'Qbservation de la Terre
(SPOT) High Resolution Visible (HRV) immges were acquired. The list of
avail abl e scenes was conpared to the dates of rain-on-snow events in rhe
Cascades zand |ocal weather data to determine suitable cloud-free scenes for
the study.

The choice of satellite scenes was made after consultation with S
Bernath and M. Brunengo of the Washington Dept. of Natural Resources.
Brunengo provided us with a list of historic storns. Suitabl e Landsat images
were found to be available for significant rain-on-snow evenis in January
1876, November 1977 and Jeanuasry 1963. In addition, we considered the storm

avents that occurred hetwesen Decenmber 1988 and April 1989, which is the period



of the field study conducted by Harr et al. (1989). It was the opinion of
Bernath and Brunengo that the mapping of snow cover should be done for the
period of Harr's study.

The spatial resolution is 1.1 km for the AVHRR Local Area Coverage [LAC]
data, 80 m for MSS. 30 m for TM and 20 m (multispectral nmpde) and 10 m
(panchromatic nmode) for the SPOT data. For the statewide map, the 1.1 km
resolution inmagery is considered to be adequate to show the mmjor features.
Fi ner spatial resolution may include too many |ocal details. AVHRR data are
avai |l abl e every 12 hours daily over the state of Washington, resulting in nore
opportunities to obtain cloud-free imagery. As a result. three AVHRR scenes
(16 Decenber 1988. 8 February 1989 and 12 April 1989) were selected as a
representative sanple for the 1988-89 snow season. As the project evolves, it
may be desirable to determi ne the transient snow zone with better accuracy in
certain localities or for additional dates. This can be done with MSS, TM or
SPOT data to obtain a finer spatial resolution.

The NOAA satellite is at an altitude of 833 km The spatial resolution
is 1.1 km for the LAC data and the radiometric resolution is 10-bit (1024 gray
I evel s). The spectral band coverage for the AVHRR sensor is shown in Table 2.

The first i mage received and anal yzed was an 8 February 1989 AVHRR scene
acquired by the NOAA-11 satellite (slide 1) at nighr (1035 GMT). The origina
image appears rotated 180° because the data were acquired on the descending
path of the NOAA satellite. The E-L! dinmension is over 2000 km and the N-S
di mension is about 400 km The Pacific Ocean appears on the right part of the
slide and the Cascade Mountzins appear on the left. Since the image was
scquired av might, the first two channels were not usable. Therefore, the

tnermal bands (channel 3 and 4) were exanined.



The AVHRR scene was analyzed on an ERDAS inmge processing system
operating on a Dell PC and the VAX 8530 conputer |ocated at the Center for
Mappi ng, The Chio State University. The data were rotated 180" to orient the

image to true north, and a subarea of 394 rows by 410 pixels was selected,

whi ch was centered over the Cascades (slide 2). Puget Sound can be seen in
the upper left central part of the inmge. The Cascades are aligned from
north-to-south along the right half of the slide. The i mage shown in slide 2
was recorded in channel 4. a thernmal channel. The warnest tenperatures are
the darker tones, i.e., the water pixels. The col dest tenperatures shown are
the brighter tones, i.e., the snowcovered areas in the Cascade Mountains.

The digital count values (ranging fromO teo 1024) fromthe data tape were
converted and calibrated to brightness tenperatures (in degrees Kelvin) using
the procedure outlined by NOaa (1988) (slide 3). The gray levels
corresponding to the calculated tenperature values were density-sliced and
viewed on a color nonitor. The lighter gray tones represent the warner
temperatures and the darker tones represent the cooler tenperatures. The
distribution of the gray levels was conpared te ground neasurenents of rhe
snow and te the elevation map, wuntil the best represented snowline was
delineated on the inmage (slide 4).

The imge was rectified to the Universal Transverse Mercator (UTM)
coordi nate system using seven ground control points (GGPs) |located on the
Concrete 1:250,000 scal e topographic mzp (slide 5). Tine corresponding pixels
for these GCPs were located on the inmage. A cubic convolution resampling
procecdure was used te rectify the AVHRR image to the UT?? map coordinate
system.

A GIS file was created from <he classification map co define cwo

classes: snow-free and snow-covered pixels (slide £). The GS file was



rectified with the seven GCPs wusing the nearest neighbor resampling
procedure. The data file was then transferred into the Arc/Info program te
overlay with the other A S files.

A simlar procedure was used to process the Decenber and April AVHRR data
sets. However, channel 2. a near-infrared channel, was used to map the
snowline for these two dates, since the two inmages were acquired in the
dayti re. The near-infrared channel showed the best distinction between snow-
covered and snowfree areas.

The snowline for these two dates was delineated using a level slicing
t echni que, simlar to the technique used for the February i nmge. Successive
grey levels were examined on the color monitor to display and determ ne the
areal extent of the snow ine. Snow course measurements and the elevation map
were also used as ancillary data to aid in our anal ysis.

In the Arc/Info program an elevation array was coded in at a 1.1 km
spacing for two areas in the  Cascades: 48°15'-48°45'N/121° 307 -122°W
(Snoqual i e) and from &47°-47°30'N/121°-122°W (Concrete) (Fig. 1). In
addition, the mpjor streans were digitized as a line overlay. The snow course
site locations were digitized as a point overlay.

Fig. 2 shows the sngowlines derived from the AVHRR inmages (solid black

line) superposed on the elevation maps for the Snoqualme and Concrete

sites. The AVHRR image for 12 April 89 shows clouds over the Snhoqual nie
sire. Theref ore, the snowline in this area could not be mapped for this
date.

A check on the accuracy of the snowlines can be nmmde by conparison with

the measured snow depths. The snowline delineates arezs with and without
STIOW, This is compared with snow depths neasured at the stations zhown in
Figure 2. in Table 3 ire listed the measured snow depths and whether the



station has snow according to the AVHRR snow ine. The AVHRR inages correctly
identified the presence of snow for snow depths greater than 8". For snow
depths ranging from1l to 7 inches, the spatial resolution of the sensor may
prevent the detection of snow.

One Of the advantages of using satellite data is the ability to map a
region since ground surveys provide data only at isolated points. The
el evation of the AVHRR snowline varies over a region, which is expected to
reflect local influences such as slopes, aspect. vegetation, and topographic
el evati on. To study this problem further. the AVHRR snowline is conpared with
the mean snow i ne. The mean snowline (dashed black line in Fig. 2) is the
el evation where the probability of finding snow, P{d>0), where d =« snow depth,
is 0.5. The nean snowline was cal cul ated from Brunenge's (1989) statistics.

For the Snoqualnie site, the AVHRR image for 16 Decenber 1988 shows
little snhow over the southern half of the site. This may be the result of the
nonuni form spatial distribution of snow depth. A snowfall occurred on 13-14
Deccember 1988. Since 15 Decenber 1988 was cold, snow falling fromthe tree
canopy is mot likely to be an inportant factor. However, strong winds in the
St anpede Pass region (23-27 knots) could have blown the snow from tree tops
(Brunengo, 1990). Thi s question remains unresol ved at present.

The 8 February 1989 AVHRR snowline for the Snoqualme site is roughly
parallel to, but is at a higher elevation than, the mean snow i ne. The
difference in elevation is analyzed in Sec. 4.2 Local variations in the
elevation of the AVHRR snowline are noticeable. The snowline is lower on rthe
north-Izcing sl ope than on the south-facing slope of Gass Muntain and Cougar
Mountain, It is also lower at the heads than at the |ower portions of rhe
esast-west trending valleys.

Tor che Concrete Sire, the AVHRR snowines for 16 Decenber 18885 show nuch

S10-



| ess snow than the nean. The snow ines for 8 February 1989 and 12 April 1989
are closer to the nean snowlines. Inportant |ocal departures are noted,
especially in the regions denoted by "a". The lack of snow in these |ocations
is consistent in all three AVHRR images for this site (Fig. 2¢.,d, and e).
Possi bl e causes for these local variations include |ess snow because of the
effect of adjacent valleys and the high ridges, Twin Sisters Muntain to the
southwest, and thick vegetation {(Brunego, 1990). Both the 8 February 1989 and
12 April 1989 inages were acquired several days after a snowfall. Theref ore,

snow nmay be present, but is masked under a forest canopy. In addition, the
presence of snow at Darrington (B") agrees with the AVHRR snowline that shows
snow in the valley. The snow on the south side of the valley is nost likely
the effect of shadows fromthe nountains (Bruengo, 1990) that is another |ocal

condition not reflected in the nean snow i ne.

4.2 Snow Depth

The snow depth, d, is treated as a vector whose conponents are time (t),
space (x-y coordinates), and elevation (e). Measured data on snow depth at a
given location and time nay be used to obtain the probability of snow on the
ground, P{d>0] and the probability distribucions of depth, given there is
STOW, P{d5d11d>o) (Thorn 1966). Brunengo (1989) has shown that the
distribution for the central Cascades may be approxinmated by the I og-nornal
distriburion, N{u) where wu=ln d. For the same region, the spatial (x,y)

average Of the snow depth zt a given date, t and elevation. ¢ is d Brunengo

(198¢) has proposed the relazion,
G = 3,866 ¢ 4. 168C - 1.661t + 1.4i7e-0.226e2 = 0.557te 1)

wvhere w = mean of In d , T = .01 x number of davs after August 31, e = .001

-11-



x elevation in feet. The value of wu is the average value for about 15-40
years of weather records at 25 sites in the central Cascades. For the moment,
this relation is taken to represent both the North and central Cascades as the
"gl obal spatial average." Subsegquent eval uation of snow data from the North
Cascade* may justify using different averages for the two regions.

For each elevation value within the GS devel oped for the Cascades, Eq.
il] was used to convert the elevation into a predicted snow depth value (Fig.
3). The AVHRR snowline and neasured snow depths are also shown in Fig. 3.
For conparison with the observed data, we should recognize that Eq. [1] gives
the global spatial average for any given date, t while the snowline derived
from the satellite inmage on that date represent* only one sanple in tine.
However, the satellite image also includes the spatial conponent of the
snow i ne.

We first account for the probability of the gnow depth and the snowline
on the date of the neasurenment. Fig. 4 shows the hypothetical profile (x,z)
with snow depth, d. The average position of the snowline is at (:::0,5:0) and
is associated with the nean depth c'l* at the station x*, z¥. On a gi ven day

b
(t-tl)} the snow depth is ci-cll at x*,z*. On the same day, the snowline is at

*

o1 % 1 and this even: is associated with the nmeasured depth dl Less
%
snow than dl al so means a higher elevation snowine. or
P P d* d>d*
> e < : ™ =
[20—20‘1] [d— ].] y P[ZO<ZO l] P [ 1] [2"‘1
Note zlso thart
P[zoiz]x = P[d>O]x [2b]

This relationship zllows us to treat the snowline derived from AVHRR on =

.

civen dzte as & cata point on rhe curve of snow depth. More specifically, the

orobebilicy P{zo-_:z] determined from <the distribution in the snowlins



elevation in a sample of snowlines should correspond to Brunengo’'s (1989)
Pid>o) (shown in his Fig. 4.15¢), which was determined from snow depths at
different stations for the sanme date at different years.

The above relationship is applied to the snowline and snow depths on 8
February 1989 at the Snoqualmie site (Fig. 3b). The nean snow depth versus
el evation was conputed with Eq. [1}; the snow depths for cunulative
probabilities, P[dsd;] , of 0.3 and 0.7 were conputed with the equation
(Brunenge, 1989)

Plusu}] - P [d-0]
P{d>o]

= N[u] (3a]

* * S . . .
wher e U, - In d1 and N{.] = normal probability distribution. The results are

shown in Fig. 5a. Al so shown are the neasured snow depths and the range in
el evations of the AVHRR snow i ne. The nmeasured snow depths occur on eicher
side of the nean, reflecting the spatial variability due to [ocal
condi tions. The lower limt of the AVHRR gnowline is slightly higher than the
nmean snowline, end the upper limt of the AVHRR sgnowline is about 800 f£ft
hi gher. The upper limt occurs nostly on the south-facing slopes of valleys
and west-facing slopes (Fig. 2b). If the agreenent between the measured and

agverage snow depths is considered close enough so that the snow depths of 8
February 1969 is accepted as the nean. then by Egq. {2a}, the AVHRR snowline is
also the nean for § February 19§89,

We consider next the snow depth on 8 February 198% at the Concrete site,
{(Fig. 348). The measured depths are greater than the mean snow depth, while
he average elevation of the AVHRR snowline is approximately 300 ftr above the
meen snowline, while the upper limit is much higher. We are unable to make
mere detailed comparisons because of inadequate data con measured snow

cepins. In addition, Brunengo's (198%) statistics may not be sapplicsble te

»
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the North Cascades.

To estimate the snow depths over the region for a given date we use the
snowline for 8 February 1989 at the Snoqualmie site (Fig. 3b) as a" exanple.
Consider first the regions where the AVHRR snowline is close to the nea"
snowline. As a" exanple, these sections are indicated as 1-1 in Fig. 6.
Here, it is assuned that Brunengo's nean gnow depth is valid. The snow dept hs
for areas where the AVHRR snowline departs appreciably fromthe nea" snowline
is assumed to vary linearly with elevation, as illustrated by the dot-dashed
line in Fig. 5a. The nea" snow depth (60 in. at elev, 3750 ft.) is considered

correct, Exanples of the extrapolated snow ines are show' at sections 2-2 in

Fig. 6. Because this is only a" exanple to illustrate applications, the
interpolation between these sections was sketched in by hand. A"
interpol ation scheme can be programmed, if it is decided to produce maps of

snow depths.

The above exanple is wunusual in that the measured snow depths on 8
February 1989 happen to be close tp the mea" depth. For a nore general case,
the neasured snow depths agree with the conputed depth for probability P[d<d*]
= p. The" it is necessary to estinmate the snowines that correspond with the
mezn depth, & Fi g. 5b shows the twp conditions, where €y and e, equal <o
the upper limpit of the AVHRR snowline and the snowline from Brunengo's (1989)
data, respectively. The overbar and [p] denote the mea" and probability,
respectively. From the limited data in Fig. 5z, we nake the conservative
assumption that e/ [p] and e are also the lower limits of the AVERR

0

snovwlines. The problem is top estimate e with e, u{p] , taken from :the

’ L]

AVERR snowline, and e [p) and e, » taken from Brunengo (1989). (e possible

solution is to assune thac:

[
d
®
o
1"
o
-
™
w
o
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Thi s assunption can be nodified, if necessary, after checking with other sets
of snow depth and AVHRR data. This approach conbines the snowline from AVHRR
on a given date with Brunengo's statistics to estimate the snowline for the
condition of nean snow depth. Once this snowline is established, the nmean
snow depth as a function of e, X, y can be calculated as described in the
precedi ng paragraph.

The above estimate of depth is linmted to open areas, for which Eg. {1]
i s designed. The snow depth in forests may be expected to be different.
Estimates of snow depths in forests my be made with the statistics in

Brunengo (1989).

ii.3 Snowmelt Prediction

Several snowmelt nodels were reviewed in detail. These include the Corps
of Engineers (1956), HYDRO-17 (Anderson, 1973), HYDRO-19 (Anderson, 1976) and
the U S. Geological Survey model (Leavesley, 1989). The Corps of Engineers'
model uses precipitation, tenperature, and wind velocity for estimating
snowmelt, Berris and Harr (1987) found that their neasured snowmelt agreed
wel | with estimates from the Corps of Engineers nodel. The al gorithm of the
tenperature index nmethod requires only the tenperature, precipitation, ad

wi nd speed for estimating snowmelt during rainfall events:

M = (0.029 + (0.0084%V + 0.007R) (T-32) + 0.09 ey
whnere M = snowmelt, V = wind velocity, R = rainfall, T = tenperature (English
urizey, 1 = basin constant = 1.0 for open zreas znd 0.2 for densely fcrested
ereas. N zlternate equation for heavily forested areas is

Moo= (0.07¢ + 0.007R) (T-32) + 0.05 jib]



This is equivalent to takng V = 5 nph. The Corps of Engneers nodel was
chosen because of the limtations in available weather records. All the other
nmodel s require vapor pressure. in addition to wind speed and tenperature, and

cannot be used with the |imted weather data that are available for our study

ar ea.

For the present study, we illustrate the procedure by using the storm of
January 2-4, 1989 to conpute the nelt. This is also the storm for which Harr
et al. (1989) neasured the snowmelt at Finney Creek. The conputed and

nmeasured snowmelts for the open area are shown in Fig. 7 as a function of
tine. The cumulative rain plus snowmelt for the three days are listed in
Table 4. The difference between the sgnowmelts in forested area conputed by
Eq. [4a] and [4b] is due to the different wind velocity in the two
equati ons. The accuracy of the Corps of Engi neers' nodel is considered to be
acceptable for this prelinminary study.
The melt of January 2-4, 1989 was applied te the snow depth in Fig. 6.

The computed snowmelt of 1.3 inches in snow water equivalent was converted to
a snow depth of 4 inches. The conversion of 1 to 3 is based on the average
ratio of snow water equivalent to snow depth given in Brunengo (1989). Thi s
was superposed on the snow depth map, Fig. &, to identify the zone where snow
depths up to 4 inches on February 8 would be nelted. This zone is shown as

shaded in Fig. 6.

4.4 The Transi ent Spow Zone

There exists no generally accepred and precise definition of <che
transienc snow zone. If we adopt the sinplified notion that the rtransient
snow zone Is the region where the snowpack forms and decays within a given

winter, then the shaded aresz in Fig. 8 is the transient snow zone (given the
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storm of January Z-3-4 falls on the snowpack of February 8, 1989).

As pointed out by Brunengo (1989). the definition of transient snow zomne
shoul d be based on probabilities. One possibility is to define the transient
snow zone in terns of the snowmelt, M, plus rainfall, R, during a rain-on-snow
event, or the probability that R+M exceeds a certain value, a: P{M+R)>a].
The snowmelt, as given by Eq. [4], is a function of R,D,T,V, and d, where D =

duration of rainstorm The expression is generalized as:
M « g(R,D,T,V,d) [5a)
t hen RtM = g(R,D,T,V,d) +P = g (R,D,T,V,d) [5b)

The mean and variance of R,D,T, and V have been summarized by Brunengo (1989)
and the nean and variance of d are obtai ned as described in section 4. 3.

One sinple approach is the first-order second-nonent nethod (ang and

Tang, 1975)
E[M] - g[ﬁ':zﬁ- Tl \}lﬁa] 2 ) {66]
var (M = B Varr) + (28) var(d) + B) var(m) + . . . (6b]

Since the distributions R,D,T,V and d are approxinmately |og-nornal, and Eq.
{4] is linezr, M can be represented by a log-normal distribution. Then, rhe
probsbility of R+M exceeding a value a. P[(R+M}>a] can be found (Fig. 9}.
Conversel y, for a given probability P, a can be found for all elevations and
dates in a region. If annual weather data (nmean and variance) are used to

calculate the distribution of R+M, then P[(RtM>a] is the annual probability

of ©+M exceeding a. 1f the annual probability of (R+M)>a is Py, the return
nericc IS:
T - ]P-- i 7]
S

ey

Return periods can be calculated for various values of a and used to produce



maps of frequency for given values of R+M, These maps may be conpared with
the probabilities of precipitation. Where there is a significant difference

between P of precipitation and P of R+M, then rain-on-snow events are |ikely

to be serious. What constitutes a significant difference will be based on the
i ntended use of the map. For mapping of |andslide hazard, the significance
will be determined fromthe sensitivity of |andslide hazard to R+M

4.5 Rel ationship of Transient Snow Zone to Infiltration and Landslide Hazard

To assess the risk of slope failure in the transient snow zone, we need
to estimate the probable changes in the piezonetric |level during a rain-on-
snow event. The probability that the piezonmetric height, h, will exceed hl

my be witten as:
P(b>hy} = [...f £(]L) £(ifR,T,...) F(R f(T) . . dh di dR dT . [7]

where h = piezonetric height, i «~infiltrati on,. R = rainfall, T = tenperature,

and f£(.) = probability density function, and P(.) =~ probability. In this
concept ual nodel, we have shown only P and T as input. Other factors may be
included if needed, In addition, it is assumed that P, T are statistically
i ndependent . The relation in Eq. [7] can be broken down into conponents as

follows:

Pli>iq] = [...f E(L|R,T...) f(R) f(T) di dR T (8]

(=]

£ we assume that all precipitation and snowmelt, M are available for

o]

filtration into the soOil, then:

i =R + M (

(Xe)
P
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For the Corps of Engineers' nmpdel. the input data are R, T, D, V, and

d. This nodel will be used to estimate M, Snow depth at a given time of the

year nmmy be estimated by the statistical relation developed by Brunengo
(1989). Tenperature and precipitation data will be taken from weat her data.
The sensitivity of snowmelt to the inputs and correlation between input
variables wll be investigated and the less inportant conponents can be
del et ed. Eq. [6)in Sec. 4.4 may be used to estimate the mean and variance of
snowmelt fromthe nmeans and vari ances ofthe input variables.

An infiltration nmodel is used to estinate h!i in Eq. {7]. Available
infiltration nmodels include those of Geen and Ampt (1911), Reddi (1988) and
finite difference solutions (e.g. Freeze. 1971). Infiltration nodels require
soil pernmeability, K, and initial soil noisture, 90 , which are presuned to
be known. Reddi's infiltration nmodel has been progranmed to conpute the nean
and variance from the neans and variances of K and 00 , for a given i.
Esti mated piezonmetric heights can be calibrated against neasured piezonetric
levels, such as those being nmeasured by Sullivan and Dietrich, and Cundy.

Instead of the integrations in Egs. [7] and [8], a possibility is to
obrain sinplified solutions. A sensitivity analysis will be made to eval uate
the effect of various inputs and correlations between input variables on h.
As zn exanple, consider the input of rainfall intensity, which is a random
functien of time and rainfall R, and duration D, and nmay nct be independent.
One possibility is to evaluate the sensitivity of h to D It is expected that

this would be a function of the retardation tine, t,

h
. w (1101
r K L
where I, = distance Irom surface vo water table and H = coefficient of
permeavilicy. The parameter t. mav be tzken &s a site characteristic that



will allow one to choose the D that produces the maximum response. An
alternative approach is teo assume that P and D are statistically independent
(Brunengo, 1989) . In this case. one can use the neans of precipitation and

duration as input into the snowrelt-infiltration nodel.

5. SUMMARY AND CONCLUSI ONS

The results of this prelimnary study show that AVHRR data may be used to

identify snow ines. The elevation variation along the AVHRR snowines show
the spatial conponent of snow cover, which is a reflection of local
condi tions. At the Snoqualnme site, we identified the south-facing slopes as
locations where the snowline is higher than the nean snowline. The AVHRR

snow i nes provide a neasure of the spatial conponent that can be used to
modify the average snowline as estinmated from Brunengo's relation. A
met hodol ogy was developed to map the nmean and variance of snow depth on a
gi ven day by combining AVHRR data and snow depth nmeasured for that day wth
Brunengo's statistical data predicting the average snowline and snow depth.
This was done for February 1989 at the Snoqualmie site as an illustratcion.
Interpretation of some AVHRR snowlines is handicapped by a |ack of neasured
snow depth, unknown effects of vegetation and | ocal topography.

The Corps of Engineers npodel requires input data that are available from

weather records. It was found to give reasonable results when conpared with
snowmelt neasured by Harr et al. (1989). Ther ef or e, it provides a practical
means for estimating snowmelt. It was shown that this nodel could be conbined

with the snow depth map to obtain a probability mep of rain plus snowmelt,
This probability map is a measure of the severizy of rain-on-snow events and
it IS recommended tha:t the cransient snow zone be defined in terms of <this

probabilicy, It was also shown that <this probability map could be used to

-20-



estimate probable infiltration and I|andslide hazard.

6. PROPCSED RESEARCH

The results and method:logies devel oped in the first phase of this
research make it possible te proceed to the next phase. we propose to (1)
anal yze anot her scene for the Snoqualme site and (2) nap a |arger area around
the Concrete site. The product of these two scenes will be used to verify the
| ocal trends observed in the 8 February 1989 maps and to identify factors that
are responsi bl e for differences between the snowline as mapped from AVHRR data
and the average snowline estinmated with Brunengo's statistics. The factors
affecting the AVHRR-derived snowline may include the effect of vegetation
cover masking the snowpack and timng of the AVHRR image relative to the storm
event . Physical factors, such as local topography, may exert inportant
i nfluences on the spatial distribution of snow thickness. Ve will attenpt to
verify the differences noted in Fig. 2 by seeking local information on snow
dept h. Recormmendati ons on what band conbination is best to delineate the
snowline will also be nade. VW anticipate that the visible/infrared AVHRR
bands will be the best, with the thernmal bands useful to differentiate snow
from clouds.

This work will take advantage of snow data being recorded at Wather
Service Scatiens that previously had not recorded snow depth (Brunengo,
1090). The elevation data file for the Concrete and Wnatchee 1:250,000 scale
areas has been received and z Landsat-derived vegetation map in digital form

exists for the region. Both will be used as input te our study.
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TABLE 1 Paraneters Affecting Al bedo and Emi ssivity of Snow
(after Varren 1982 and NASA 1982)

Visible Thermal
Sol ar Infrared M cr onave
snow property Al bedo Em ssivity Em ssiviry
Gain (or crystal) size Yes* Yes Yes
Zenith (or nadir) angle Yes* Yes Yes
Snow depth Yest Yes
Cont am nants Yes
Li quid water content Yes Yes Yes
Surface roughness Yes Yes
Density Yes
Tenperature Yes Yes
Stratification Yes
Soi |l state, noisture Yes

roughness, vegetation

*if snowpack is thin or inpurities are present
tshallow, up to a few centineters

TABLE 2 Spectral Band Coverage for the AVHRR Sensor

EVEN-NUMBERED SATELLI TES ODD-NUMBERED SATELLI TES
Channel Spectral Band m Channel Spectral Band (um)
1 0.58-0.68 (visible) 1 0.58-0.68 (visible)
2 0.72-1.10 (near IR) 2 0.72-1.10 (near IR
3 3.55-3.93 (thermal) 3 3.55-3.93 (Thermal )
4 10.5-11.5 (thermal) 4 10.3-11.3 (thermal)
5 Channel 4 repeat 5 11.5-12.5 (thermal)
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TABLE 3 Conparison of AVHRR Snowline With Measured Snow Depth

Measur ed
Snow Depth Snow observed
Location Dat e (in) on AVHRR | mage
Stanpede Pass 16 Dec 88 32 Yes
Palmer 8 Feb 89 0 NO
Mud M n. Dam 8§ Feb 89 0 NO
Cedar L. 8 Feb 89 2 NO
Grass HMtn. 3 8 Feb 89 7 Yes
Lester Ck. 8 Feb 89 58 Yes
Cougar ntn. 8 Feb 89 48" Yes
Lynn L. § Feb 89 63 Yes
Twin Canp 8 Feb 89 63 Yes
Samm |l R 8 Feb 89 70 Yes
Corral Pass 8 Feb 89 59 Yes
Concrete 16 Dec 88 0 NO
Concrete 8 Feb 89 1 NO
SF Thunder Ck. 8 Feb 89 8 No
Dari ngton § Feb 89 8 Yes
Schrei bers  Miw. 8 Feb 89 92 Yes
VWtson L. 8§ Feb 89 104 Yes
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TABLE 4 Conputed and Measured Rain plus Snowmelts

Dat e

Jan 2
Jan 3
Jan 4

Total

Rai n plusSnowmelt i N Clearcut(mm) Rein pl us Snowmelt in Forest (nmm

Meas. Conp. Meas. Conp. Comp.
Eq. [&a) Eq. [4b)
14 20 16 21 20
83 56 45 50 42
5 4 ' -5 -3
102 80 65 76 65
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Figure 2a: Snowlineson Elevation Map
Snoqualmie Site, 16 Dec. 88
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Figure?2b:Snowlines on Elevation Map
Snoqualmie Site, 8 Feb. 89
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Figure 2¢: Snowlines on

Concrete Site, 16 Dec.
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rigure £Q. Snowlines on Elevation Map
Concrete Site, 8 Feb. 89




Figure Z2e:Snowlines on Elevation Map
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tigureda:Meonsnow Deplhand Snowlines
Snoaualmie Si{e,16 Dec. 88
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Figuredb:Mean Snow Depth and Snowlines
Snoqualmie Site, 8 Feb. 89
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rigure 9¢. Mean Snow Depth and Snowlines
Concrete Site, 8 Feb. 89
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Fig. 4. Relationship between Snow Line and
Snow Depth
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